The orientation of substrates in the active site and the interactions occurring between enzyme and substrate are of primary interest if the effect of conformational changes on reactivity is to be studied on a molecular level. This type of information is not directly available from structural investigations by themselves, since enzyme-substrate complexes represent transient species which cannot be isolated and crystallized. It can, however, be deduced from the reactivity of suitable substrates by finding out which groups of these substrates are interacting with the enzyme (Prelog, 1964; Dutler, 1976) and then correlating these kinetically determined interactions with actual interactions observed in a model of the corresponding enzyme-product complexes built on the basis of pertinent structural information.
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The orientation of substrates in the active site and the interactions occurring between enzyme and substrate are of primary interest if the effect of conformational changes on reactivity is to be studied on a molecular level. This type of information is not directly available from structural investigations by themselves, since enzyme-substrate complexes represent transient species which cannot be isolated and crystallized. It can, however, be deduced from the reactivity of suitable substrates by finding out which groups of these substrates are interacting with the enzyme (Prelog, 1964; Dutler, 1976) and then correlating these kinetically determined interactions with actual interactions observed in a model of the corresponding enzyme-product complexes built on the basis of pertinent structural information.
Reduction of racemic 2-, 3-and 4alkylcyclohexanones with the alkyl groups methyl, ethyl, isopropyl, and t-butyl was studied on a preparative scale and under conditions where the coenzyme NADH was continuously regenerated by auxiliary enzymes (glucose-6-phosphate dehydrogenase and aldolase) (Helmchen, 1973) . Product formation was followed by gas chromatography combined with determination of enantiomer composition by nuclear-magnetic-resonance spectroscopy of the a-methoxy-a-trifluoromethylphenylacetyl esters of the products (Dale et al., 1969; K. E. Taylor & P. Good, unpublished work) .
The kinetic method, applied to determine at which position of the cyclohexanone ring an alkyl group leads to favourable or unfavourable intermolecular interactions with the enzyme, is explained by using, as an example, the reduction of the two enantiomeric Vol. 5
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Scheme 1. (1 S)-3-Alkylcj~clohexatzols
See the text for details.
3-alkylcyclohexanones to the four possible alcohols, the two (1s)-and the two (1R)-alcohols.
In the case of reduction of the (35)-and (3R)-alkylcyclohexanones to the two (1s)-alcohols in the conformation with equatorial hydrogen transfer (equatorial reacting hydrogen, He; see Scheme 1) the alkyl group appears in the equatorial position (Ae) when the (lS,3S)-alcoholls are formed and in the axial position (A,) when the (1S,3R)-alcohols are formed. The products and similarly the substrates with alkyl groups in the axial position are less stable than those with the same alkyl groups in the equatorial position due to intramolecular 1,3-diaxial interactions (++) (Eliel, 1962) . Hence it can be argued that formation of the (lS,3R)-alcohols with equatorial hydrogen transfer requires a conformational change of the substrate from the more stable (with A.) to the less stable (with A.) conformation, and that this conformational change is a strong determining factor for the: overall rate of reduction. If this conformational change occurs before substrate binding, the overall rate is low due to a low relative concentration of the substrate in the required conformation and, if it occurs after substrate binding, theoverall rate is low as a result of the conformational change being coupled with the hydrogen transfer. Whatever the actual mechanism is, formation of the (IS,3R)-alcohols should be slower than that of the (1S,3S)-alcohols. In addition, the rate of formation of the (1 S,3R)-alcohols should depend on the energy difference between the two conformations and therefore is expected to decrease with increasing size of the alkyl group, whereas that of the (1 S,3S)-alcohols should remain unchanged.
When the substrates under consideration are reduced to the (1s)-alcohols in the conformation with axial hydrogen transfer (axial reacting hydrogen, Ha), all arguments and conclusions discussed for equatorial hydrogen transfer can be reversed. The experimental results therefore allowed us to decide between the two possibilities; they clearly showed that the 3-alkylcyclohexanones react in the conformation with equatorial hydrogen transfer.
To find out at which position an alkyl group is interacting with groups of the enzyme we have to look for differences in the observed and the expected kinetic behaviour. As mentioned above for the reduction of the 3-alkylcyclohexanones to the two (1s)-alcohols a perfect agreement was noted, providing strong evidence that no intermolecular interactions o(mr at the corresponding two 3-positions.
Turning now to the reduction of the same enantiomeric 3-alkylcyclohexanones to the two (lR)-alcohols a completely different behaviour was observed. From the stereochemical relations represented in Scheme 2 it is evident that in the conformation with equatorial hydrogen transfer (He) the alkyl group appears in the equatorial position (Ae) for formation of the (lR,3R)-alcohols and in the axial position (A,) for formation of the (lR,3S)-alcohols. When the same arguments are applied as in the case of formation of the (lS)-alcohols, it can be concluded that the formation of the (lR,3S)-alcohols should be slower than that of the (1R,3R)-alcohols and that the rate of formation of the (lR,3S)-alcohols should decrease with increasing size of the alkyl group, whereas that of the (1 R,3R)-alcohols should remain unchanged. The experiments showed that no (IR,3R)-alcohol is formed and that the rate of (1R,3S)-alcohol formation is low and decreases with increasing size of the alkyl group. This result is again in good agreement with equatorial hydrogen transfer, but strongly suggests the occurrence of highly unfavourable intermolecular interactions between the alkyl group in this equatorial 3-position and groups of the enzyme.
With the same method the reduction of the 2-and 4-alkylcyclohexanones was analysed. In all cases the conformation with equatorial hydrogen transfer was inferred. In three of the four 2-positions strong unfavourable intermolecular interactions limit the formation of products, whereas one of the two 4-positions is strongly stabilized by favourable intermolecular interactions. The results are summarized in Scheme 3, where the cyclohexanol rings of all products are superimposed and unfavourable, favourable, and no interactions are marked by 0 , 0 , and o respectively. This kinetically obtained information on intermolecular interactions was then used in close co-operation with C. I. Brandtn (Agricultural College of Sweden, Uppsala, Sweden) to identify the groups involved on the side of the active-site pocket. For this purpose the active-site pocket including the nicotinamide moiety of the coenzyme was built with Kendrew-type models on the basis of the information on the three-dimensional structure of the enzyme-coenzyme complex (BrandCn et al., 1975; Abdallah et al., 1975;  into the active-site pocket such that their hydroxyl oxygen atom appears in the position where the water oxygen atom was observed in the apoenzyme. Within the freedom of motion allowed by the geometric constraints of the active-site pocket the alkylcyclohexanol models were allowed to change their orientation. This fitting process was carried on until full agreement was achieved between the interactions observed in the model and those determined kinetically. In the resulting model the cyclohexanol rings of all products are superimposed and therefore show the same orientation relative to the nicotinamide moiety of the coenzyme.
In applying the described method it had been assumed that the intermolecular interactions in the enzyme-product complex, which are studied in the model, are not significantly different from those in the enzymesubstrate complex and in the transition state, which are relevant in the kineticconsiderations. Theexcellent agreement between the two types of information suggests that this assumption is acceptable and that the resulting model of the enzyme-product complex discloses all the interesting structural features of the enzymesu bstrate corn plex .
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Department of Molecular Biophysics and Biochemistry, Yale University, New Haven, CT 06520, U.S.A. 0 Iigomeric protein symmetry and subunit interaction The protomers of virtually all of the few dozen oligomeric proteins whose quaternary structure is known are related by point-group symmetry as was expected (Monod et al., 1965) . The point-group symmetries of the known oligomers are either cyclic, dihedral or isometric. In general, protomers are far more commonly related by dihedral symmetry than by cyclic symmetry in those proteins that consist of more than two subunits. For example, all tetramers of known structure have D2 symmetry rather than having subunits related by a fourfold rotation axis, and hexamers tend to show D3 symmetry rather than containing a sixfold axis of symmetry. Thus for most oligomeric proteins, most symmetry-related residues of each protomer are in identical environments and should show identical properties.
